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Abstract

The toroidal energy- and angle-resolving electron spectrometer (TEARES) is a state-of-the-art instrument, which enables both the energy
and angle of ejection of an electron to be measured simultaneously. First synchrotron results from TEARES are presented in this progress
report. Relative cross-sections and asymmetry parameters for the Argdi#B$Bp ‘window’ resonance region have been measured; the
results are in good agreement with the previously published data of Codling et al. In addition, significant modifications have been made
to the spectrometer, which have greatly enhanced its performance. The reasons for these changes and their resulting effects on the dat:
are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Instrumental

Continuous development of synchrotron radiation facili- The TEARES spectrometer comprises a toroidal electro-
ties has lead to large improvements in the quality and quantity static deflection analyser, together with appropriate entrance
of radiation delivered to experimentalists. In some fields this and exitlenses, and a two-dimensional electron detection sys-
progress has not been mirrored by comparable progress in detem. This multi-purpose spectrometer has been designed to
tector technology, which is equally important to improving operate on various beamlines at the Synchrotron Radiation
synchrotron radiation-based studies. Innovative instrumenta-Source (SRS) at Daresbury and on third-generation sources,
tion can yield improvements of many orders of magnitude in such as DIAMOND. A schematic of the electron optics of the
the speed and quality of information obtained. To this end, we spectrometer is shown fig. 1a, and a three-dimensional im-
are developing a toroidal energy- and angle-resolving elec- age of the toroidal analyser#ig. 1b. Electrons are generated
tron spectrometer (TEARES), which has been designed toatthe interaction region where the light and target (gas, in this
give a significant increase in the solid angle collection ef- case) intersect. These electrons are ejected in all possible ra-
ficiency over the more conventional hemispherical or°127 dial directions; those travelling in a (horizontal) direction that
sector analysers whilst preserving their energy- and angular-is near perpendicular to the central axis of the spectrometer
resolving properties. enter the double-focussing entrance lens. This lens focuses

and transports the electrons on to the toroidal entrance slit.
The toroidal analyser has a cylindrical radius of 120 mm,
* Corresponding author. Tel.: +44 1925 603571; fax: +44 1925 603124. @ Spherical radius of 125mm, a sector angle of 1426
E-mail addressm.r.f.siggel-king@dl.ac.uk (M.R.F. Siggel-King). an azimuthal angle of 270Electrons of a specified energy
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Fig. 1. (a) Schematic diagram of the electron optical components of TEARES. Trajectories for electrons of the same initial kinetic energgriiadfer
angles, focused to the same point at the exit of the analyser are shown as black lines. Undesirable scattered electrons in the toroidal asaly$errthat re
the synchrotron light hitting the toroidal entrance slits are shown as black lines with arrows. (b) A computer-generated 3D image of the TEARES toroid
electrostatic deflection analyser. The interaction region is at the intersection of the light and gas beams. (c) Cross-sectional views of themalgs&XES a
showing the horizontal plane that contains the centre of the interaction region, the photon beam, and the main polarisation vector of the lightafiarcsor

of the spectrometer with respect to the photon beam propagation direction are shownw(ijdh gives the lowest background. (ii) 295

traverse the toroidal deflector and are re-focused at its exit slit. optimum spot size at the interaction region. The second study
The electrons then enter a four-element lens which focuses,utilised low energy radiation from beamline $&)}, where the
demagnifies and transports them onto the detector. A com-experimental chamber was isolated from the UHV beamline
mercially available Quantar fast-resistive-anode imaging de- using a Pyrex capillary of 1 mm inner diameter together with
tector is used to detect the electrons. The spectrometer rotatea differential pumping section. For unavoidable mechanical
about its central axis (sé€g. 1a and b) to enable a choice of reasons it was necessary to terminate the capillary just be-
acceptance angles with respect to the propagation directionfore the light entered the chamber port and consequently the
of the synchrotron light; two possible angular orientations capillary end was-440 mm from the interaction region. Un-
are shown irFig. 1c. A detailed description of the TEARES  fortunately, this resulted in a large-2 mm heightx ~4 mm
spectrometer has previously been publisfie@], and the width) synchrotron beam at the interaction region. The neon
design of toroidal analysers has been discussed in detail bydata presented here were obtained ata photon energy of 40 eV
Toffoletto et al. and by Reddish et §,4]. Inthe experiments  with a toroidal pass energy of 10 eV. These data have been
reported here, the gaseous target was an effusive gas-jet. Thaormalised to an SRS ring current of 200 mA by monitoring
inlet needle was mounted vertically pointing downward, or- a mesh diode placed just before the monochromator.
thogonal to the synchrotron photon beam (B&e 1b). Two separate experimental runs were undertaken on 5D.
The studies reported in this work were obtained using two The first utilised the TEARES instrument as described above
beamlines at the SRS. The first study was undertaken onand previously[2]. For the second run, several modifica-
MPW6.1[5], where the experimental chamber (at ¥Torr) tions to the spectrometer were made, which include: (1) in-
was isolated from the UHV beamline (19Torr) using a creasing the heights of the analyser entrance aperture (from
1426A thick Magnesium window. The synchrotron beam 1.00 mm to 2.00 mm), the analyser angle defining aperture
focus was~160 mm short of the interaction region, due to (from 1.92 mm to 2.00 mm) and the entrance lens skimmer
beamline optics, resulting in a correspondingly larger-than- slit (from 1.46 mm to 2.97 mm), (2) extending the azimuthal
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The polarisation of the light can be determined from two
angle-resolved spectra of different gasses, or transitions, pro- ¢
vided (a) the asymmetry parametegs,are known, (b) the
kinetic energiesE, of the measured electrons (and hence  ,,
analyser tuning) are the same, (c) the photon energy is sim-
ilar (hence degree of polarisatioR, is the same), and (d)

angle of the first entrance lens from 27@ 360 (the first Argon 3s3p°4p'P, resonance region
three lens elements the electrons pass through), and (3)
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whereA(E, 0) is the relative analyser efficiency for a given <

E and emission angle, the total cross-section for the transi- o
tion at the measured photon energy arglthe photoelectron T80 282 oe4 266 288 270 272
ejection angle with respect to the major polarisation axis of
the photon beam. If the above conditions are satisfied for two
different transitions, the ratio of the two equations can then Fig. 2. Argon 3s3p4p *P; ‘window’ resonance region. () The measured
be taken and fitted to the ratio of the (background subtracted)cross-section values from Codling et @] (open circles) are compared to
data sets to obtaiB, the polarisation of the light. Using this  those obtained in this study (solid triangles), normalised to those of Codling
procedure with the Helium #s- 1s and unresolved Argon &t @l t 26.52eV. (b) Comparison of the corresponding asymmetry param-
(3p)6 N (3p)5 transitions we have determined the polarisa- ?;Fe)resnocti)rtg;gs)d in this work (solid triangles) and those of Codling ¢7hl.
tion of the light on MPW6 at-26 eV to be 0.7530.03. This '

isin good agreement with the theoretical value expected from

Photon Energy (eV)

the optical beamline design 6f0.78. procedure are shown Ifig. 2a where they are compared to
the absolute values of Codling et &f]. Our relative data

3.2. Relative partial cross-section and asymmetry has been normalised to Codling’s data at an arbitrary pho-

parameter measurements ton energy (26.52eV) selected to be away from the reso-

nance region. The shapes of the two data sets are in excellent
To check the performance of the TEARES system, data agreement.

was obtained in the Argon autoionising window resonance  To extractg parameter$8], the angular response of the
region associated with the excitation of an outer 3s electron analyser A(E, 8)] must be determined. This was done by
to the first Rydberg orbital (3s8pp 1Pci) at~21eV. Images recording a calibration image at &similar to those used for
of the angular distributions of the ejected photoelectrons were a transition with a knowrs using the same analyser tuning.
collected for a range of photon energies in the region of this The angular respons@(Eg, 6)] is the ratio of the resulting
resonance. These measurements were taken with the elecangular distribution to the expected one. Once the argon data
tron kinetic energy i) set to the photoelectron peak max- has been corrected for the angular efficiency variaganay
ima and with a toroidal pass energy of 25eV. For each im- be obtained by fitting the angle-resolved data to:
age, two associated background images were recorded at the 8
same kinetic energy but withv=+1eV. The 3-D images C (1+ —(1+3P cos(Z))))
were converted to photoelectron yield versuplots from 4
which were subtracted an average of the two backgroundwhere C is a constant and P was taken to be 0.75 for all pho-
spectra. Relative cross-sections were obtained as a functiorton energies in this narrow resonance region. The resulting
of photon energy by normalising the sum of the counts at asymmetry parameters as a function of photon energy are
each angle to the integrated photon flux. The results of this shown inFig. 2b together with the data of Codling et §f].



1008 M.R.F. Siggel-King et al. / Journal of Electron Spectroscopy and Related Phenomena 144-147 (2005) 1005-1010

Our experimental measurements were made in the non-Fig. 3a. The overall shape of the 2p peak is consistent with
dipole plane, whilst those reported by Codling et al. were expectations. The relatively large constant background, of-
measured in the dipole plaf@. We have assumed that non- ten present in toroidal analysers, is due to the inability of
dipole effects in the region of the argon window resonance arethe toroidal spectrometer to filter out unwanted (metal scat-
negligible, as the photon energy is relatively low, aware that tered) electrons in the azimuthal (horizontal, angle-resolved)
occasionally this assumption is inapproprifté]. If there dimension. In the present case, this problem is exacer-
are non-dipole effects in this region, they will have an effect bated by the relatively large photon beam at the interaction
upon the measuref values reported here. Their effect is, region.
however, likely to be within our error bars, which are mainly The spectrum irFig. 3a was obtained with appropriate
due to uncertainties in the polarisation of the light. The good voltages applied to the entrance lens elements to focus the
agreement shows that our instrument and methods are caelectrons from the interaction region to the entrance of the
pable of measuring reliable angular distribution parameters. toroidal analyser. The spectrumhiig. 3b was obtained with
More accurate values would be obtainable if the system werethe entrance lens elements grounded (the electrostatic equiv-
operating on a modern undulator at a third generation sourcealent of removing the entrance lens). Turning the entrance
where the polarisation is typically 0.990.01 and the photon  lens ‘off’ resulted in the peak width (fwhm) and signal inten-
spot size is smaller. sity slightly decreasing, as expected; the peak has also shifted

in observed kinetic energy, which wastexpected. The ob-
3.3. Effects of the finite size of the photon beam and field ~ served shift in kinetic energy was determined to be due to
penetration from the entrance lens ‘asymmetric’ electrostatic field penetration from the entrance

lens into the interaction region, resulting in a non-zero po-

A sample spectrum of the unresolved Ne 2p doublet, tential at the target. The spectrafig. 3a and b were taken
obtained on beamline 5D during the first run is shown in with the photon beam entering the spectrometer through the

Before Modifications After Modifications
a I LI I L I IR I LB I LI I -.2\ I LI I LI I LI I gl 7 I LI I
® % 20000 [~ 7
% 5000 % (@
< 4000 £ 15000 |-
= 2000 = analyser at 0°
® 10000 |-
% 2000 %
5000 [~
£ 1000 oo PeEOaaEEa000B000S £ ‘
o o Seccecese
Z 0 + 11 1 1 l 11 1 1 I 11 1 1 I 11 1 1 l 11 1 1 + Z 0 + 11 1 1 I 11 1 1 l 11 1 1 I
b J T TTT | T | TTrTT | Tt T 1 I LI L ‘2\20000 + LI I LI l T T TT I LI | I LI +
2 £ () ] 2 (e)
Q2 3000 - 215000 [~ —
IS L |analyser at 0° ] £ analyser at 0°
g 2000 |entrance lens off e Q10000  [entrance lens off -
%] o ] L
© 1000 - - © - -
£ E o - £ 5000
o E 3 [}
Z O + Ll 1 1 I L1 1 I L1 1 1 I L1 1 1 I L1l + Z O + L1 1 1 l Ll 1 1 [ Ll 1 1 I L1l I L1 1 +
%49500 _L TrrrT l TrrT l LI | TrIriorT I LB J_ ‘%\28000 J T (If)l T I T I 1T I T
° [ .
E 49000 analyser at 295°| - § - .
[ : [ I ]
= - - £ 24000 |- B -
5 48500 g /3 T - |analyser at 295 :
48000 - - [ ]
% Z 4 |, -(_ﬂu 20000 [ =
£ 47500 |- 4 / - £ : 4 . ]
S ¥ — S 16000 |~ I
pd 47000 ¢ pa sl ee o e s b liaagl 2 H ) PPt Y b
16.0 16.5 17.0 175 18.0 18.5 16.0 16. 17.0 17.5 18.0 18.5
Kinetic Energy (eV) Kinetic Energy (eV)

Fig. 3. Spectra of the unresolved Ne 2p doublet. All spectral intensities have been normalised to correspond to an SRS ring current of 200 mA; no attemp

was made to account for the small differences in Neon pressure. The spectra in (a—c) and (d—f) were taken before and after, respectively, thesrtmdificati
TEARES. (a, d) Spectrometer configuration a&ig. 1c(i) with the light entering through the 9@ut-out. (b, e) As in (a) but with the entrance lens elements
grounded. (c, f) As in (a) but with the spectrometer configuration &sgnic(ii).
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centre of the 90 cut-out and exiting through a 10mm hole way for future experiments such as non-dipole studies,

in the spectrometer, as shownhig. 1c(i). In order to fully surface photoelectron diffraction measurements, and ulti-

utilise the TEARES spectrometer for future non-dipole pa- mately the possibility of “snap-shot” electron spectroscopy in

rameter studies and surface science photoelectron diffractionreal-time.

experiments, the spectrometer needs to rotate so the photon

beam enters the spectrometer through one of several 10 mm

diameter holeg=ig. 3c shows a spectrum taken with the light  Acknowledgements

entering and exiting through a pair of opposite 10 mm holes

(seeFig. Ic(ii)). The peak (at-17.1eV) can barely be seen This work was funded by EPSRC (GR/M56906) and

above the background, which is due to electrons generatedCCLRC (including an SRD In-House Research Award). The

in the toroids when the wings of the relatively large photon authors gratefully acknowledge the help and support given by

beam hit the analyser entrance slits, as it both enters and exitPr. Nigel Poolton and the efforts of other Daresbury staff who

the spectrometer (sé€g. 1a). have contributed to this work. We are grateful to lan Poole
and Mike Busuttil for their support in software development.

3.4. Effects on the spectra resulting from modifications TJR and DPS are grateful to Canada’s NSERC, the University
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Following the MPW6 run and the first 5D run, various
modifications were made to the spectrometer, as describedreferences
above. To test these changes, spectrign 3d—f were ob-

tained under identical conditions to those use#im 3a—c. [1] M.R.F. Siggel-King, R. Lindsay, F.M. Quinn, J.F. Pearson, G.W.
Fig. 3d shows a spectrum of the unresolved Ne 2p doublet Fraser, G. Thornton, American Institute of Physics Conference Pro-
obtained with the light entering through the centre of the 90 ceedings, vol. 73, 2003, p. 937. .

t-out of th t t Sfiiu. 3a. The diff b [2] M.R.F. Siggel-King, R. Lindsay, F.M. Quinn, J. Pearson, G. Fraser,
cut-out ofthe spectrometer, a 'g ) e difterences be- G. Thornton, J. Electron Spectrosc. Relat. Phenom. 137-140 (2004)
tween the two spectra are as anticipdfield; the count rate at 721.
the peak maximum and the signal-to-background-ratio have [3] F. Toffoletto, R.C.G. Leckey, J.D. Riley, Nucl. Instrum. Methods
both increased. Phys. Res. B 12 (1985) 282.

Turning the entrance lens ‘offFig. 3e) results in an in- [4] T.J. Reddish, G. Richmond, G.W. Bagley, J.P. Wightman, S. Cve-

. . . . janovic, Rev. Sci. Instrum. 68 (1997) 2685.
crease in resolution (peak narrowing) and the peak becoming (s, \1 “gowler, J.B. West, FM. Quinn, D.M.P. Holland, B. Fell, PA.

more symmetric, as expected, due to the decrease in the an- * Hatherly, 1. Humphrey, W.R. Flavell, B. Hamilton, Surf. Rev. Lett.

gular acceptance of the analy$&t]. It is interesting to note 9 (2002) 577.

that the count rates at the peak maximum and in the back- [6] P. Finetti, D.M.P. Holland, C.J. Latimer, C. Binns, F.M. Quinn,
ground are similar iffig. 3d and e; the count rates Fig. 3d M.A. Bowler, A.F. Grant, Nucl. Instrum. and Method B 184 (2001)
are expected to be greater thanFig. 3e. While the over- 627.

oF o . [7] K. Codling, J.B. West, A.C. Parr, J.L. Dehmer, R.L. Stockbauer, J.
all efficiency of the lenses still gives us cause for reflection, Phys. B: Atom. Molec. Phys. 13 (1980) 693.

the signal-to-background ratio, i.e. the rejection of unwanted [8] J.P. Wightman, S. Cvejandyi T.J. Reddish, J. Electron Spectrosc.
metal scattered electrons, has been substantially improved by  Relat. Phenom. 95 (1998) 203.
these modifications [9] The ‘dipole plane’ is perpendicular to the synchrotron light propa-

. gation direction. The so-called ‘non-dipole plane’ contains both the
A spectrum taken with the spectrometer mtat?d so the propagation direction and the electric field vector of the synchrotron
photon beam enters and exits through two opposite 10mm  jight, and is physically close to the horizontal at a synchrotron. The
holes is shown ifrig. 3f. A prominent peak is how observed. non-dipole plane contains contributions from both the dipole inter-
The shape and kinetic energy of the peak are similar to the actions and non-dipole interactions such as electric quadrupole and
peak inFig. 3d, as expected. The counts in the peak at the __ Magnetic dipole interactions.
peak maximum are about 30% less thafig. 3d. This may [10] See for example O. Hemmers, R. Guillemin, E.P. Kanter, BsKig,

) ) C D.W. Lindle, S.H. Southworth, R. Wehlitz, J. Baker, A. Hudson,

be due to spectrometer alignment with respect to the photon . Lotrakul, D. Rolles, W.C. Stolte, I.C. Tran, A. Wolska, S.W.
beam. The large decrease in the background relative to that ~ yu, M.Ya. Amusia, K.T. Cheng, L.V. Chernysheva, W.R. Johnson,
shown inFig. 3¢, demonstrates the improved performance S.T. Manson, Phys. Rev. Lett. 91 (2003) 053002, and references

due to the spectrometer modifications. therein. _ _
[11] The expected effect of increasing the spectrometer entrance aper-

tures, is to decrease the background counts due to the incident light
hitting the analyser entrance apertures. This increase in analyser en-

4. Summary trance aperture also results in a decrease in the resolution (increase in
peak widths) by a factor of2. Although the angle-defining aperture
We have shown that the TEARES spectrometer is ca- was only increased slightly, the analyser now accepts a larger angular

bl f . lati tial ti d range of electrons in the energy-dispersive (vertical) dimension due
pable ol measurning refative partial cross-sections and an- to the increase in the entrance aperture. The magnitude of the new

QUlar distribution parameters. We . have also SUbSt?-ntially angular range is now sufficiently large to expect ‘tails’ on the low ki-
improved the performance of the instrument, opening the netic energy side of the peaks. Increasing the skimmer slit will permit
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more background electrons, resulting from the inability of the spec-
trometer to discriminate in the horizontal plane, to pass though the
spectrometer. However, this increase is small relative to the decrease
in background electrons resulting from increasing the height of the

analyser entrance apertures. Adding the mesh shield around the inter-
action region ensures the electrostatic potential at the interaction re-
gion remains constant, at ground, so the peaks should no longer shift
in kinetic energy as a function of the voltages on the entrance lens.
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